The bacterial pathogen Pseudomonas syringae modulates plant hormone signaling to promote infection and disease development. P. syringae uses several strategies to manipulate auxin physiology in Arabidopsis thaliana to promote pathogenesis, including its synthesis of indole-3-acetic acid (IAA), the predominant form of auxin in plants, and production of virulence factors that alter auxin responses in the host; however, the role of pathogen-derived auxin in P. syringae pathogenesis is not well understood. Here we demonstrate that P. syringae strain DC3000 produces IAA via a previously uncharacterized pathway and identify a novel indole-3-acetaldehyde dehydrogenase, AldA, that functions in IAA biosynthesis by catalyzing the NAD-dependent formation of IAA from indole-3-acetaldehyde (IAAld). Biochemical analysis and solving of the 1.9 Å resolution x-ray crystal structure reveal key features of AldA for IAA synthesis, including the molecular basis of substrate specificity. Disruption of aldA and a close homolog, aldB, lead to reduced IAA production in culture and reduced virulence on A. thaliana. We use these mutants to explore the mechanism by which pathogen-derived auxin contributes to virulence and show that IAA produced by DC3000 suppresses salicylic acid-mediated defenses in A. thaliana. Thus, auxin is a DC3000 virulence factor that promotes pathogenicity by suppressing host defenses.
space (e.g. the apoplast) of leaves colonized by P. syringae [32] . IAA concentrations in culture supernatants harvested at 24 and 48 hours were determined by LC-MS/MS. As observed for many other P. syringae strains, the level of IAA produced by DC3000 was significantly higher (ranging from 100-to 200-fold greater, depending on the experiment) when provided with Trp than in unsupplemented media ( Table 1) .
The observation that DC3000 produces IAA in culture led us to investigate which pathway (s) DC3000 uses to synthesize IAA (Fig 1) . The DC3000 genome annotation includes a TMO enzyme (PSPTO0518; iaaM; [33] ), but the predicted protein exhibits limited amino acid identity to enzymes with demonstrated IAA biosynthetic activity and is more closely related to a second group of TMO homologs that may function in pathways other than IAA synthesis [13] . Thus, it is unclear whether DC3000 uses the IAM pathway to synthesize IAA.
To identify the IAA biosynthetic pathway(s) used by DC3000, we performed IAA precursor feeding experiments using Trp, IAM, IAN, IPyA, TAM, or IAAld and analyzed DC3000 for IAA production by LC-MS/MS. Cultures supplemented with IAM, IAN, and TAM produced small but detectable amounts of IAA compared to cultures grown in HSC alone; however, these levels were relatively low compared to cultures fed with Trp (Table 1 ). In contrast, at least 100-to 500-fold higher levels of IAA, depending on the incubation time, were produced when DC3000 was grown in media supplemented with IAAld. This indicates that IAAld is an important intermediate for DC3000 IAA synthesis in culture.
The feeding experiments with IPyA were inconclusive, as IPyA is unstable in solution [34] and high amounts of IAA accumulated spontaneously in HSC media containing IPyA, but lacking DC3000 (Table 1 ). Given the absence of an obvious ipdc gene in the DC3000 genome, it is unlikely that DC3000 uses IPyA to synthesize IAAld. Thus, we hypothesize that DC3000 synthesizes IAA via a pathway involving conversion of Trp to IAAld through a TSO activity [35, 36] (Fig 1) . We cannot rule out the ability of DC3000 to produce IAA through alternative pathways using IAM, IAN and/or TAM, as it is possible that limitations in the ability of DC3000 to take up these intermediates is responsible for the low level of IAA accumulation in feeding experiments with these intermediates. However, based on the results of our feeding studies these pathways do not appear to contribute significantly to IAA synthesis in culture. 
Identification of putative PstDC3000 aldehyde dehydrogenase genes
Our studies indicate that DC3000 synthesizes IAA via one or more pathways that involve IAAld as an intermediate (Fig 1) . Thus, we predicted that disrupting the final step, which converts IAAld to IAA, would decrease IAA biosynthesis in DC3000. To investigate this, we sought to identify the gene(s) encoding the enzyme(s) responsible for the conversion of IAAld to IAA. Previously, an Azospirilum brasilense mutant (aldA) with decreased IAA production was identified and the mutation mapped to a gene encoding a protein with~80% amino acid identity to an annotated aldehyde dehydrogenase from Xanthobacter autotrophicus GJ10 [37] . Aldehyde dehydrogenases (ALDs) generally catalyze the conversion of aldehydes to carboxylic acids [38, 39] . We predicted that a similar enzyme might metabolize IAAld to IAA in DC3000, and thus utilized the amino acid sequences of the ALDs from A. brasilense and X. autotrophicus to identify putative ALDs in DC3000. Using BLAST, we identified PSPTO_0728, a putative ALD with~70% amino acid identity to the ALD from X. autotrophicus. We then used the PSPTO_0728 sequence to search the DC3000 genome and identified 5 additional putative ALD homologs, PSPTO_0092, PSPTO_2673, PSPTO_3064, PSPTO_3323, and PSPTO_3644, with~30-40% amino acid identity to PSPTO_0728. None of these proteins had previously been demonstrated to have dehydrogenase activity, nor were they described as involved in either auxin biosynthesis or DC3000 virulence.
We examined whether these proteins could convert IAAld to IAA by expressing each gene individually in E. coli, growing the strains in LB media supplemented with 0.25 mM IAAld, and assaying the resulting strains for IAA production by LC-MS/MS. Background levels of IAA were produced by E. coli carrying the empty expression vector (Fig 2) , consistent with previous reports [17, 31] . Upon induction of expression of the ALDs from DC3000 (S1 Fig), we observed increased IAA levels for three of the six proteins. The strains expressing either Heterologous expression of putative DC3000 aldehyde dehydrogenases in E. coli. DC3000 genes encoding putative aldehyde dehydrogenase proteins were expressed in E. coli BL21(DE3) cells. A) Quantification of IAA produced by strains expressing PSPTO_0728, PSPTO_2673, and PSPTO_3644 and pET-21a as a negative control. B) Quantification of IAA produced by strains expressing PSPTO_0092, PSPTO_3064, and PSPTO_3323. PSPTO_2673 was included as a control for comparison to panel A. IAA levels were measured in supernatants 24 hrs post-induction with addition of 0.25 mM IAAld. Values are an average ± SEM (n = 3). Letters indicate significant difference between samples within a given time point (p<0.01). Similar results were obtained from two additional independent experiments. https://doi.org/10.1371/journal.ppat.1006811.g002 PSPTO_2673 or PSPTO_3644 showed~10-and 5-fold increases in IAA levels, respectively (Fig 2A) . Cells expressing PSPTO_0092 showed the greatest accumulation of IAA with añ 200-fold increase in IAA over the empty vector control (Fig 2B) . Thus, PSPTO_0092, PSPTO_2673, and PSPTO_3644 can convert IAAld to IAA and likely function in DC3000 auxin biosynthesis. We refer to PSPTO_0092, PSPTO_2673, and PSPTO_3644 as AldA, AldB, and AldC, respectively, throughout this study.
Biochemical analysis of putative IAAld dehydrogenases
Based on sequence comparisons, AldA-C are members of the aldehyde dehydrogenase enzyme superfamily [38, 39] (S2 Fig). To examine the biochemical activity of the three putative ALDs from DC3000, these proteins were expressed in E. coli as a N-terminal hexahistidine-tagged proteins and purified by nickel-affinity and size-exclusion chromatographies. Each of the putative ALDs was isolated with a monomer M r~5 6 kDa, as determined by SDS-PAGE (S3A Fig), which corresponds to the estimated molecular weights of AldA (M r = 52.7 kDa), AldB (M r = 53.1 kDa) and AldC (M r = 51.8 kDa) plus the addition of a His-tag. Size-exclusion chromatography of AldA and AldB indicates that each protein functions as a tetramer and that AldC is dimeric ( S3B Fig) .
In ) using IAAld as a substrate that was 100-and 800-fold higher than AldB and AldC, respectively. AldA-C displayed no changes in specific activities in the presence of calcium, magnesium, manganese, cobalt, nickel, and copper, which suggests that these proteins function as non-metallo NAD + -dependent ALDs. None of the three Alds showed detectable activity with IAA (at 1 mM) and NADH (at 200 μM), indicating a clear preference for the formation of IAA compared to the reverse reaction. Kinetic analysis showed that AldA had a catalytic efficiency (k cat /K m ) with IAAld as a substrate that was 130-and 710-fold higher than AldB and AldC, respectively (S1 Table) . AldA also showed more than a 300-fold higher k cat /K m with NAD + compared to NADP + . A similar cofactor preference was observed for AldB and AldC. The low activities of AldB and AldC did not allow for accurate determination of kinetic parameters for NADP + . These biochemical comparisons suggest that AldA functions as an IAAld dehydrogenase and that AldB and AldC likely prefer other aldehyde substrates in vivo.
Overall three-dimensional structure of AldA
To explore the molecular basis of IAAld dehydrogenase activity of AldA, its three-dimensional structure was determined by x-ray crystallography. The x-ray crystal structures of AldA in the apoenzyme, NAD + complex, and NAD +
•IAA complex forms were determined (S2 Table) . In each structure, two AldA monomers were in the asymmetric unit and packed to form a dimer, which then form a tetramer by crystallographic symmetry (Fig 3A) . The interface between two monomers buries~2,450 Å 2 of surface area with a~3,800 Å 2 interface between each of the dimer units. The overall fold of AldA shares structural similarity with ALDH2-3 (4PXL; 1.2 Å r.m.s.d. for~480 C α -atoms; 46% identity) and ALDH2-6 (4PZ2; 1.3 Å r.m.s.d. for~484 C α -atoms; 46% identity) from Zea mays, along with multiple human ALD structures (1.4-1.5 Å r. m.s.d. for~400 C α -atoms; 43-46% identity) [40, 41] . The AldA monomer adopts a canonical aldehyde dehydrogenase fold (Fig 3B) , which contains an NAD + -binding domain with a Rossmann-fold motif of a central β-sheet (β10-β9-β8-β11-β12) surrounded by α-helices, a mixed α/ β domain with the catalytic cysteine residue (Cys302), and an oligomerization domain with a protruding β-sheet (β6-β7-β23).
The AldA•NAD + and AldA•NAD +
•IAA crystal structures define the position of the active site between the catalytic and cofactor binding domains (Fig 3B and 3C) . Although the ligand binding sites occupy two separate pockets on opposite sides of the monomer (Fig 3C) , both sites are linked by a~25 Å tunnel that places the reactive groups of the co-substrates in proximity to Cys302 (Fig 3D) . Comparison of the AldA crystal structures suggests that ligand binding results in structural changes that order the active site (S3D Fig). The α11-β14 loop (residues 297-305), which contains Cys302, is disordered in the apoenzyme structure and has average temperature factors~1.8-fold higher than surrounding residues. Likewise, a~50 amino acid region of the catalytic domain (residues 348-397; α13-β15-β16-α15-β17-β19) is •IAA crystal structures identifies the respective ligand binding sites (Fig 4A) . In the NAD + binding site, the cofactor is bound in a hydrophobic tunnel (Fig 4B) . The adenine ring of NAD + lies in an apolar region that provides multiple van der Waals contacts. The adenine ring also forms two hydrogen bonds between the hydroxyl group of Tyr255 and a water. The adenine-ribose rings provide extensive polar interactions with AldA. The 2'-hydroxyl hydrogen bonds with Lys191 and Glu194. Interactions with Ser193, Ser245, and Trp167 position the phosphate backbone in the binding site. The nicotinamide-ribose forms a bidentate interaction with Glu401 and the nicotinamide ring is bound by a water-mediated interaction with Thr243 and through a hydrogen These interactions place the nicotinamide ring in proximity to the invariant catalytic cysteine (Cys302 in AldA) [38] .
Crystallization of a 'dead-end' complex (i.e., AldA•NAD +
•IAA) provides insight on the IAAld binding site (Fig 4A and 4C ). Electron density was observed near the reactive Cys302 and modeled as IAA for refinement. In contrast to NAD(H) binding, the IAAld/IAA site is formed predominantly by apolar residues. The carboxylic acid of IAA forms hydrogen bonds with the sulfhydryl group of Cys302, the amide side-chain of Asn168, and the backbone nitrogen of Cys302. Multiple aromatic and apolar residues, including Phe169, Met173, Trp176, Val301, and Phe467, surround the indole moiety. Computational docking of IAAld into the active site yielded a solution that matched the crystallographically observed position of IAA ( Fig 3D) . The docked IAAld overlays with IAA and positions the reactive aldehyde group of the substrate near Cys302 for subsequent catalysis.
To understand the different activity with IAAld displayed by the three ALDs, homology models of AldB and AldC based on the AldA structure were generated. Although the NAD(H) binding sites of AldA-C are highly conserved, the residues in the aldehyde binding site of each enzyme displays greater variability (S2 Fig) . Compared to AldA, sequence differences in AldB and AldC alter the hydrophobicity, electrostatics, and surface shape of the site (Fig 4D-4I ). For example, the calculated hydrophobicity values of the IAAld/IAA binding site are 7.51 in AldA, -2.99 in AldB, and 2.78 in AldC (Fig 4D-4F) . Likewise, the surface electrostatics of AldB and AldC are more basic than AldA (Fig 4G-4I ). In addition, the shape of the site in each enzyme differs. The largely apolar IAAld/IAA binding site of AldA best fits the substrate molecule. Amino acid changes in the AldB may widen the substrate binding pocket. The wider and more basic nature of this site likely reduces catalytic efficiency of AldB with IAAld. Whereas, substitutions in the AldC substrate binding site likely constrict access to the catalytic cysteine and result in the even lower activity of this enzyme with IAAld. Thus, structural differences in the substrate binding sites of these ALD result in the preference of AldA for IAAld.
IAA production is disrupted in DC3000 ald mutants
To study the role of these ALDs in DC3000 IAA biosynthesis, we generated plasmid disruption mutants in aldA (PSPTO_0092), aldB (PSPTO_2673) and aldC (PSPTO_3644) (S4 Fig). The mutant strains were indistinguishable from wild-type DC3000 in their growth rates in both rich (NYG) and defined media (HSC) (S4E and S4F Fig) . We monitored the ability of each mutant strain to produce IAA in culture when provided with IAAld. Only two mutants displayed reduced levels of IAA when compared to DC3000 (Fig 5) . The aldA mutant displayed ã 70-80% reduction in IAA levels compared with DC3000, whereas the aldB mutants exhibited a~10-15% reduction in IAA levels. Although the levels of IAA that accumulated in the aldB mutant culture were always lower than wildtype, the values were not significantly different from wild-type in all experiments (Fig 5A) . These results indicate that AldA plays a major role in IAA synthesis in DC3000, and that AldB may make only a small contribution to IAA synthesis. AldC does not appear to be involved in IAA synthesis.
DC3000 IAA biosynthesis mutants exhibit reduced virulence on Arabidopsis thaliana
Previous studies indicate that auxin of plant origin promotes susceptibility to DC3000 and P. syringae pv. maculicola ES4326 [26] [27] [28] [29] [30] ; however, it is unknown whether auxin produced by these strains contributes to their virulence. To examine this, we assayed the aldA and aldB mutants for altered virulence on A. thaliana plants. DC3000 grew to high levels when infiltrated into A. thaliana plants (Fig 6) , while the aldA and aldB mutants exhibited a~5-fold reduction in growth in multiple independent experiments. Although the reduced virulence phenotype was observed in most experiments (in 11 of 18 experiments for aldA and in 10 of 17 for aldB), as is often the case for mutants with subtle virulence phenotypes, the level of in planta bacterial growth of the mutants was not always significantly different from that observed for wildtype DC3000. Surface inoculation experiments were also performed to assay development of disease symptoms, but we did not reproducibly observe reduced symptom severity in plants infected with either ald mutant. Both the reduced IAA synthesis and reduced virulence phenotypes of the aldA mutant were complemented by introduction of the wild-type aldA genomic clone (S5 Fig), indicating that aldA contributes to the virulence of DC3000 in Arabidopsis.
We tested whether the ald genes have an additive effect on IAA synthesis and virulence by generating an aldA aldB double mutant in DC3000. We monitored the ability of the double mutant to produce IAA in culture when fed with IAAld, and observed that IAA production was not significantly lower in the aldA aldB double mutant than in either single mutant ( Fig  5C) . Thus, the contribution of AldB to overall IAA synthesis appears to be minor compared to that catalyzed by AldA. The aldA aldB double mutant also did not exhibit a further reduction in bacterial growth on A. thaliana plants compared to the single mutants ( Figs 6B and 7B ).
Pathogen-derived IAA suppresses SA-mediated defenses
IAA may contribute to pathogenesis by suppressing host defenses mediated by the defense hormone SA [27, 42] . We hypothesized that if pathogen-derived IAA promotes pathogen growth in planta by suppressing SA-mediated defenses, then the reduced growth of the DC3000 ald mutants in planta would be associated with elevated SA-mediated defenses due to an impairment in the ability to suppress SA-mediated defenses. To investigate this, we monitored the expression of PR1, a commonly used marker for SA-mediated defenses in A. thaliana [29] , in plants infected with wild-type DC3000 and the aldA and aldB mutants 24 hours after inoculation. PR1 expression was induced by 24 hrs in plants infected DC3000 compared to mock treatment (Fig 7A) . Expression of PR1 was significantly higher in plants infected with ). Significant elevation of PR1 expression in aldA-infected plants was observed in three independent experiments, and in two experiments for aldB-infected plants. B) Growth of ald single and double mutants on wild type A. thaliana (Col-0) and sid2-2 mutant plants following syringe infiltration. Graph shows composite data from 4 independent experiments. Letters indicate significant difference between samples within a given time point (p<0.02).
https://doi.org/10.1371/journal.ppat.1006811.g007 the aldA mutant. There was also a significant increase in PR1 expression in plants infected with the aldB mutant; however, this increase was not as large as observed for the aldA mutant. These results suggest that DC3000-derived IAA is required for normal virulence via a mechanisms involving suppression of SA-mediated defenses.
Given these findings, we predicted that the growth of the ald mutants would be restored to wild-type levels on A. thaliana mutants with impaired SA-mediated defenses. To test this, we inoculated the sid2-2 mutant, which carries a mutation in the ICS1 SA biosynthesis gene [43] , with DC3000 and the ald mutants and monitored bacterial growth. Wild-type DC3000 grew to higher levels in sid2-2 mutants plants than in wild-type Col-0 (Fig 7B) , consistent with previous reports that the sid2-2 mutant exhibits increased disease susceptibility to P. syringae [29, 43] . Consistent with our earlier results, the aldA, aldB and aldA aldB double mutants exhibited reduced growth on wild-type plants compared to DC3000. The aldA mutant grew to levels comparable to wild-type DC3000 on sid2-2 plants, but growth of the aldB and the aldA aldB double mutants only reached levels similar to that of wild-type DC3000 on Col-0 plants ( Fig  7B) . The observation that the reduced growth of the aldA mutant is restored to normal levels in plants impaired for SA-mediated defenses suggests that AldA promotes pathogen virulence by suppressing SA-mediated defenses. The finding that the reduced growth of the aldB and the aldA aldB double mutants is only partially rescued in sid2-2 plants indicates that the reduced virulence of these mutants is not due solely to a defect in suppressing SA-mediated defenses.
Discussion
Natural (i.e., IAA) and synthetic (i.e., naphthaleneacetic acid and the herbicide 2,4-dichlorophenoxyacetic acid) auxins can promote virulence of P. syringae [26, 27, 29, 30] . Although many plant-associated bacteria can synthesize IAA in culture [11, 12] , the role of pathogenproduced IAA in interactions between non-gall-inducing P. syringae strains and their hosts is not clear. Here, we investigated the contribution of IAA synthesis by P. syringae strain DC3000 during pathogenesis of A. thaliana and show that AldA-dependent synthesis of IAA plays an important role during pathogenesis.
DC3000 synthesizes IAA in culture via an IAAld intermediate
We identified a family of ALDs that catalyze the oxidation of IAAld to IAA. Of this family, AldA is the enzyme primarily responsible for IAA synthesis from IAAld in culture (Fig 5) . A second enzyme, AldB may also contribute to IAA synthesis, but seems less important than AldA, based both on its lower activity in vitro (S3B Fig) and on the observation that IAA production by the aldB mutant is only moderately reduced (Fig 5) . The two enzymes do not function redundantly in culture, as IAA synthesis is not significantly further reduced in the aldA aldB double mutant. The observation that the double mutant still accumulates some IAA in cultures fed with IAAld suggests there may be one or more additional genes encoding IAAld dehydrogenase activity.
AldA is an indole acetylaldehyde dehydrogenase
Biochemically, aldehyde dehydrogenases (ALDs) are a large enzyme superfamily that convert aldehydes to carboxylic acids on a broad array of molecules [38, 39, 44] . In diverse organisms, multiple ALDs function in various metabolic pathways and provide house-keeping functions, such as the detoxification of reactive aldehydes produced by lipid peroxidation. As with other enzyme superfamilies, the aldehyde dehydrogenases are an excellent example of how evolution of different substrate specificity while retaining common reaction chemistry leads to functional diversity and tailoring of biological function [45] . This appears to be the case for the ALDs in DC3000, as AldA has a specialized role in IAA biosynthesis and pathogenesis that is distinct from AldB and AldC.
Structurally, AldA shares the same overall three-dimensional fold as other ALDs (Fig 3) and functions as an NAD(H)-dependent enzyme (S3B Fig; S1 Table) . Although AldA shares 40% amino acid identity with both AldB and AldC (S2 Fig), kinetic analysis of AldA demonstrates a distinct preference for IAAld as a substrate compared to the other two enzymes. The x-ray crystal structure of AldA in complex with NAD + and IAA reveals the molecular basis for the activity of this protein (Fig 4) . In the reaction sequence catalyzed by AldA, substrate binding leads to conformational changes that order the active site for catalysis (S3D Fig). The chemical mechanism would proceed as described for other aldehyde dehydrogenases [46] . Comparison of the structure and sequence of AldA with AldB and AldC shows how changes alter the size, shape, hydrophobicity, and electrostatics of the binding pocket (Fig 4D-4I) . Thus, the evolution of the AldA substrate binding site leads to a preference for IAAld. Additional studies are needed to identify the preferred substrates of AldB and AldC. Overall, the biochemical and structural data presented here indicate that in P. syringae strain DC3000 AldA functions as an IAAld dehydrogenase in IAA biosynthesis. Recently, the dhaS gene from Bacillus amyloliquefaciens, encoding a putative IAAld dehydrogenase, was implicated in IAA synthesis [47] . However, studies to characterize the biochemical activity of this enzyme have not been reported. AldA and DhaS are the first ALDs described in either plants or microbes and suggests that the evolution of different metabolic routes to IAA synthesis can be exploited by microbial plant pathogens.
The DC3000 IAA biosynthesis pathway
We propose that AldA-dependent IAA synthesis in DC3000 involves the direct conversion of Trp to IAAld through TSO activity (Fig 1) , as the DC3000 genome does not encode an obvious IPDC, nor do our feeding studies implicate TAM as an intermediate ( Table 1 ). The TSO pathway, which has been reported in several P. fluorescens strains [11] , is not well characterized. A Tn5 mutant lacking TSO activity was identified in P. fluorescens strain CHA0 [35] ; however, a gene encoding this activity has not been described. Future investigation of TSO activity in DC3000 will provide additional insight into IAA synthesis in P. syringae and other bacteria.
We also investigated the hypothesis that DC3000 utilizes the IAM pathway, as this pathway is used by other IAA producing bacteria, including several Pseudomonas strains [12, 31] . Neither our feeding studies nor recent bioinformatic and genetic analyses provide support for the existence of an IAM pathway in DC3000. Patten et al. [13] noted that PSPTO_0518, which is annotated as encoding a TMO (Fig 1; iaaM, [33] ; http://www.pseudomonas.com), shares onlỹ 30% amino acid identity with enzymes with demonstrated TMO activity. PSPTO_0518 is more closely related to a second family of monooxygenases that may function in other pathways [13] . Further, our observation that mutation of PSPTO_0518 does not alter accumulation of IAA in cultures fed with Trp provides additional evidence for the absence of the IAM pathway in DC3000 [48] . Likewise, our feeding studies do not implicate the IAN pathway as a major contributor to IAA synthesis in DC3000 (Table 1) .
Many Pseudomonads, including P. syringae, P. fluorescens, P. putida, and P. aeruginosa, have genes predicted to encode proteins with~90-95% sequence identity to AldA, including a nearly invariant conserved IAAld binding site. A survey of The Pseudomonas Genome Data Base (www.pseudomonas.com) revealed that AldA homologs are much more common in these genomes than TMO, which is only found in a few P. syringae or P. savastanoi strains [13] . Thus, we speculate that the AldA-dependent IAA biosynthesis pathway is the predominant IAA synthesis pathway in Pseudomonads. The role of IAA production in the biology of these microbes is yet to be elucidated; however, in the case of plant-associated bacteria, modification of the biology of their plant hosts seems likely. Alternatively, or additionally, IAA may be involved in signaling with other microbes in the soil or leaf epiphytic community [12, 19] .
What is the role of Ald(A)-dependent IAA synthesis in planta?
Our observation that the aldA and aldB mutant strains exhibit reduced growth on A. thaliana plants (Fig 6) suggests that AldA and AldB play important roles during pathogenesis. The observation that the ald mutants did not exhibit altered growth in culture (S4 Fig) and the fact they grow to high levels in sid2 plants (Fig 7) indicates that the reduced growth of these strains in wild type plants does not reflect a general growth defect. Thus, both Ald activities contribute to DC3000 virulence on A. thaliana.
Although kinetic comparisons indicate that AldA is more specific than AldB for IAAld, differences in protein expression in the microbe (i.e., high levels of AldB) could allow for the less efficient enzyme to contribute to IAAld conversion to IAA. However, given that our biochemical studies suggest that AldB is not likely to use IAAld as a substrate (S3B Fig), the role of AldB during pathogenesis is not clear. It is possible that oxidation of some other aldehyde by AldB contributes to virulence.
We have not demonstrated that AldA catalyzes IAA production in planta, as it is technically difficult to distinguish pathogen-derived from plant-derived auxin in plant tissue. However, it is reasonable to expect that this is the case, as both Trp and IAAld are present in significant amounts in A. thaliana tissue [49, 50] .
Our observation that plants infected with the aldA mutant express elevated levels of PR1 mRNA (Fig 7A) suggests that pathogen-derived IAA promotes virulence by suppressing SAmediated defenses. Consistent with this, we also showed that growth of the aldA mutant is restored to wild-type levels on SA-deficient plants (Fig 7B) . These findings agree with results from earlier studies demonstrating that exogenous application of auxin down-regulated SAmediated defenses [27, 51] . The observation that growth of the aldB and aldA aldB double mutants was only partially restored to wild-type levels in sid2-2 plants suggests that aldB plays some role in suppression of SA-mediated defenses, but is also involved in promoting virulence via an SA-independent process. We are currently investigating the role of the AldB enzyme in virulence.
IAA plays multiple roles during pathogenesis
The finding that pathogen-derived IAA promotes DC3000 virulence by suppressing SA-mediated defenses contrasts with results from our previous studies with transgenic plants that overexpress the YUCCA1 (YUC1) IAA biosynthesis gene and accumulate elevated levels of IAA [52] . We observed that YUC1 overexpressing plants exhibited increased susceptibility to DC3000, but that neither SA accumulation nor SA-responsive gene expression was suppressed in these plants [29] . Further, plants carrying both the YUC1 overexpression construct and the sid2 mutation exhibited additive effects of enhanced susceptibility due to both elevated IAA and impaired SA-mediated defenses. These results suggest that in these plants, IAA promotes pathogen growth through a mechanism that functions independently of suppression of SAmediated defenses [29] . The apparent discrepancy between these studies can be resolved by proposing that: 1) auxin promotes DC3000 virulence via multiple different mechanisms, and 2) pathogen-derived auxin and plant-derived auxin play different roles during pathogenesis (Fig 8) . Our data suggest that the stimulatory effect of AldA-dependent DC3000-synthesized IAA on virulence acts via suppressing SA-mediated defense signaling, while auxin produced by the plant (e.g. YUC1-dependent) promotes pathogen growth via a mechanism that acts independently or down-stream of SA-mediated defenses. Another possible role for IAA during pathogenesis is through a direct effect on the pathogen, for example by regulating virulence gene expression. Previous studies have shown that IAA also acts as a microbial signaling molecule, and a variety of plant-associated bacteria respond to IAA [11, 19, 53] . Future studies examining the impact of the source, the targets, and possibly also the form of auxin during pathogenesis will provide important insight into the roles of auxin in promoting disease development by DC3000. It will also be of interest to investigate whether auxin plays multiple roles in other plant-microbe interactions. DC3000 synthesizes IAA via the activity of the aldehyde dehydrogenase AldA. The DC3000 aldA mutant exhibits reduced virulence on A. thaliana and plants infected with aldA express elevated SA-mediated defenses, suggesting that pathogen-derived IAA promotes virulence by suppressing SA-mediated defenses. Previous studies have shown that exogenous application of auxin promotes disease [26, 30] and inhibits SA-mediated defenses [27] , but that in transgenic plants overexpressing the YUCCA1 (YUC1) IAA biosynthesis gene and that accumulate elevated IAA, increased susceptibility to DC3000 occurs via a mechanism that does not involve suppression of SA-mediated defenses [29] . Together, these observations suggest that pathogen-produced auxin and plant-produced auxin promote disease via different mechanisms. SA, salicylic acid; ICS1/SID2, ISOCHORISMATE SYNTHASE 1, PR1, PATHOGENESIS RELATED 1
Materials and methods

Bacterial strains and plasmids
The bacterial strains and plasmids used in this study are summarized in S3 Table. P. syringae strain DC3000 wild-type and mutant strains were grown on Nutrient Yeast Glycerol Medium (NYG) [54] or Hoitkin Sinden (HS) Medium (with appropriate carbon sources added) at 28˚C. HS was prepared as described in [55] . Escherichia coli strains were maintained on Luria 
Quantification of indole-3-acetic acid (IAA) production in culture
P. syringae strains were grown in NYG medium with Rif in overnight cultures. Cells were collected by centrifugation from each overnight culture, washed twice with 10 mM MgCl 2 , re-suspended at a density of~1 x 10 7 cells mL 
Bioinformatics, nucleotide sequences, and accession numbers
BLASTP searches were performed using the National Center for Biotechnology Information (NCBI) server to search non-redundant databases for P. syringae DC3000-specific sequences. P. syringae strain DC3000 sequence information was obtained from Kyoto Encyclopedia of Genes and Genomes (KEGG; www.genome.jp/kegg) and the Pseudomonas-Plant Interaction website (PPI; www.pseudomonas-syringae.org). Accession numbers for genes used in this study are: aldehyde dehydrogenase (AldA) from A. brasilense: AY850388; chloroacetaldehyde dehydrogenase (AldA) from X. autotrophicus: AF029733; DC3000 PSPTO_0092 (AldA): NP_789951.1; DC3000 PSPTO_2673 (AldB): NP_792480.1; DC3000 PSPTO_3644 (AldC): NP_793419.1.
Expression of P. syringae putative aldehyde dehydrogenase genes in E. coli
To make the pET21a-0092 (AldA) expression plasmid, the full-length coding sequence (CDS) from PSPTO_0092 was amplified from DC3000 genomic DNA with primers 0092NdeI F and 0092XhoIR (S4 Table) . The resulting~1.5 kb PCR fragment was cloned into the pBlunt II-TOPO vector (Invitrogen), transformed into E.coli DH5α and plated on LB media containing Kan. The resulting pTOPO-0092 plasmid was sequenced to confirm that no PCR-derived mutations were introduced into the clone, and then was digested with NdeI and XhoI and the approximately~1.5 kb insert corresponding to the PSPTO_0092 CDS was ligated into the pET21a vector cut with the same enzymes to generate pET21a-0092. The pET21a-0092 plasmid was transformed into E. coli BL21(DE3). The same strategy was used to generate pET21a-0728, pET21a-2673 (AldB), pET21a-3064, pET21a-3323 and pET21a-3364 (AldC) (see S3 and S4 Tables for primers and strains) .
For E. coli expression assays to monitor IAA production, the E. coli strains carrying the pET21a-DC3000 putative aldehyde dehydrogenase (Ald) constructs were grown in triplicate cultures overnight in LB media containing Amp with shaking at 37˚C. Overnight cultures were diluted 1/100 and incubated with shaking until an OD 600nm 0.4-0.6 was reached. Cultures were induced with IPTG (1 mM final concentration), supplemented with 0.25 mM IAAld and incubated with shaking for an additional 24 hrs. One mL samples were taken 1.5 hrs after IPTG induction to verify induction of the putative Ald proteins. This was done by centrifuging the samples, boiling the resulting cell pellets in SDS-PAGE buffer and loading equal amounts of cell lysate on an acrylamide gel for visualization of protein. Additional 1mL samples were taken at 24 hrs after IPTG induction, centrifuged to pellet cells and the resulting supernatants were frozen in liquid nitrogen and stored at -80˚C. The samples were analyzed for IAA production by LC-MS/MS [57] .
Protein expression and purification
The pET28a-AldA, pET28a-AldB, and pET28a-AldC constructs used to express protein for biochemical experiments were generated using NdeI and XhoI enzyme sites and transformed into E. coli BL21 (DE3) cells (Agilent Technologies). Cells were grown at 37˚C in Terrific broth containing 50 μg mL -1 Kan until OD 600nm = 0.8 and induced with 1 mM IPTG at 18˚C.
Cells were harvested by centrifugation (4,500 x g; 15 min) and re-suspended in lysis buffer (50 mM Tris, pH 8.0, 500 mM NaCl, 25 mM imidazole, 10% glycerol, and 1% Tween-20). After sonication and centrifugation (11,000 x g; 30 min), the supernatant was loaded onto a Ni 2 + -NTA column (Qiagen) previously equilibrated with lysis buffer. Wash buffer (lysis buffer without Tween-20) was used to remove unbound proteins, and then bound Ald protein was eluted using wash buffer containing 250 mM imidazole. The His-tagged Ald protein was loaded onto a Superdex-200 26/60 size-exclusion column (GE healthcare) equilibrated in 25 mM Hepes (pH 7.5) and 100 mM NaCl. Fractions with Ald protein were pooled, concentrated to 10 mg mL -1 , and stored at -80˚C. Protein concentrations were determined using molar extinction coefficients at A 280nm for each Ald, as calculated using ProtParam.
Enzyme assays
Enzymatic activity of each Ald was measured by monitoring NADH formation (ε340 = 6220 M −1 cm 
Protein crystallography and homology modeling
Crystallization of AldA was performed at room temperature using the vapor diffusion method in hanging drops of a 1:1 mixture of protein (10 mg mL tectant (crystallization solution with either 30% glycerol or 30% ethylene glycol) before flash freezing in liquid nitrogen for data collection at 100 K. Diffraction images were collected at beamline 19ID of the Advanced Photon Source at the Argonne National Lab. Diffraction data were indexed, integrated and scaled using HKL3000 [58] . The structure of AldA in complex with NAD + was were solved by molecular replacement using PHASER [59] with betaine aldehyde dehydrogenase from Staphylococcus aureus, which shares 40% amino acid identity with AldA, as a search model (PDB: 4MPB; [60] . For iterative rounds of manual model building and refinement, COOT [61] and PHENIX [62] were used, respectively. The resulting model of AldA was used to solve the structures of the apoenzyme and NAD +
•IAA complex by molecular replacement with PHASER. Model building and refinement was as described above. Data collection and refinement statistics are summarized in S2 
Homology modeling and computational docking
Molecular homology models of AldB and AldC were generated using the homology-modeling server of SWISS-MODEL with the 1. 
Construction of P. syringae ald gene plasmid disruption mutants
To generate the aldA::pJP5603 insertion disruption strain, an~0.5 kb SacI-XbaI genomic fragment internal to the aldA (PSPTO_0092) CDS was amplified from P. syringae DC3000 genomic DNA with the primers 0092SacIF and 0092XbaIR (see S4 Table for primer sequences). The resulting PCR fragment was cloned into the pBlunt II-TOPO vector (Invitrogen), transformed into E. coli DH5α and plated on LB media containing Kan. Several pTOPO-0092int clones were sequenced to verify that there were no PCR-derived mutations. The genomic fragment was then cloned into the pJP5603 KanR suicide vector [56] by digesting the pTOPO-0092int clone with SacI and XbaI and ligating the resulting genomic fragment into pJP5063 digested with SacI and XbaI to generate pJP5603-0092int. The pJP5603-0092int plasmid was transformed into E.coli DH5α λpir and introduced into P. syringae DC3000 via bacterial conjugation using the helper strain MM294A(pRK2013) (S3 Table) Tables for primers and strains) . Plasmid disruption of aldA by pJP5603 was confirmed by PCR using primers M13F, 0092seqF, and 0092seqR. Disruption of the wild-type genomic copy was verified by amplification of an~1.1 kb fragment with M13F and 0092seqF primers in the aldA:pJP56023 strain and the absence of a band of this size in wild-type DC3000 and aldB::pJP5603 strains (S4C and S4D  Fig) . The same strategy was used to confirm all of the additional single and double ald mutants, using M13F and 2673SeqF to amplify the aldB::pJP5603 and aldB::pJP5603TetR disruptions, and M13F and 3644seqF to amplify the aldC::pJP5603 disruption (see S3 and S4 Tables for strains and primers). When generating the aldA aldB double mutant, special attention was given to identifying strains in which the pJP5603Tet-2673int disruption plasmid had integrated into the chromosome at the aldB locus, rather than via homologous recombination with the pJP5603 vector sequences in pJP5603-0092int integrated at aldA.
To generate the aldA complementing clone, pAldA, the aldA coding sequence and 5' regulatory region were amplified from genomic DNA using primers 0092XhoIF and 0092EcoRIR. The resulting~2 kb PCR product was cloned into the pBlunt II-TOPO vector (Invitrogen) to generate pTOPO-0092comp. This plasmid was then digested with XhoI and EcoRI and the 2 kb insert ligated into the broad host range plasmid pME6031 vector with Xho1 and EcoRI compatible ends to generate pME6031-0092 (pAldA) (S3 Table) . The pAldA plasmid was introduced into the aldA::pJP5603 mutant strain via bacterial conjugation using the helper strain MM294A(pRK2013). DC3000 trans-conjugates were selected for Rif r , Kan r and Tet r resistance on NYG media containing Rif, Kan and Tet at 28˚C.
Plant material and growth conditions
All A. thaliana transgenic lines and mutants used in this study were in the Col-0 background. ) in 10 mM MgCl 2 was injected into leaves using a 1-mL needleless syringe. To quantify bacterial growth in the plant, whole leaves were sampled at various time points after inoculation, weighed to determine leaf mass, ground in 10 mM MgCl 2 and then plated in serial dilutions on NYG media with rifampicin. Between four and eight leaves were sampled per treatment, depending on the experiment. To generate the composite growth curves shown in Figs 6A and 7B, data from independent experiments in which wild-type DC3000 grew to similar levels (e.g.~1 x 10 5 cfu/mg leaf tissue)
were combined. Quantification of disease symptoms following dip inoculation was carried out four days post inoculation. Leaves were categorized based on the presence and amount of chlorosis or yellowing of the leaf. For~10 plants per each treatment, each leaf was individually assessed for percent of the leaf exhibiting chlorosis, ranging from leaves with no yellowing to leaves displaying >75% chlorosis.
Statistical analysis
The Student's t-test was used for all statistical analysis. A) The PSPTO_0092 region of DC3000 genome showing neighboring genes (blue arrows) and plasmid pJP5603-0092int containing a~530 bp internal fragment of PSPTO_0092 (gray box) used to generate the aldA mutant. B) Schematic diagram illustrating the result of a single homologous recombination event between pJP5603-0092int and the chromosomal copy of PSPTO_0092, leading to disruption of the gene. C) Amplification of the plasmid-disrupted PSPTO_0092 gene using primer pairs M13F and 0092seqF. D) Amplification of wild-type PSPTO_0092 using primer pairs 0092 seq F/R. The genotypes of the strains are indicated. aldB: pJPKan and aldB:pJPTet refers to mutants generated by integration of pJP5603-2673int and pJP5603Tet-2673int, respectively. Primer pairs used in PCR reactions shown in panels C and D are illustrated by arrow heads in panels A & B (S4 Table) . E) Growth of WT DC3000 (black), aldA (red), aldB (green), and the aldA aldB double mutant (blue) at 30˚C in NYG media. Values are an average of three biological replicates. Exponentially growing cells were diluted to OD 600nm = 0.025 to start the cultures at a uniform cell density. Cell growth (OD 600nm ) was monitored every 10 minutes for 18 hours using an EPOCH2 microplate reader (BioTek). The aldA, aldB:pJPTet, and aldA aldB double mutants exhibited similar growth compared to the WT DC3000 at all time points. Similar results were obtained in a second independent experiment. F) Growth of WT DC3000 (black), aldA (red), aldB:pJPTet (green), and the aldA aldB double mutant (blue) at 30˚C in HSC media. Values are an average of three biological replicates. Exponentially growing cells were diluted to OD 600nm = 0.050 to start the cultures at a uniform cell density. Cell growth (OD 600nm ) was monitored at an interval of 10 minutes for 36 hours using EPOCH2 microplate reader (BioTek). The aldA, aldB, and the aldA aldB mutants exhibited similar growth compared to the WT DC3000 at all time points. Similar results were obtained in a second independent experiment. 
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